Abstract. The kinetics of accumulation of the known stable RNA species (23S, 16S, and 5S rRNA and tRNA) In addition to these chemical modifications, it appears that the ribosomal RNA species are merely fragments of primary transcription products. The ostensible precursor forms of 16S and 23S RNA in bacteria5 and their equivalents in mammalian tissue6 have been identified by a variety of experiments employing druginduced accumulation, amino acid starvation, and short pulse labeling with isotopically labeled compounds.1 Furthermore, 5S rRNA from Bacillus subtilis has been shown to be a posttranscriptional product,7 probably generated by cleavage from one end of the precursor 23S (p23) in its conversion to mature 23S RNA (m23).8 9 (We have adopted the nomenclature of C. Woese and his colleagues7 9 in designating the precursor forms of the RNA classes as p16, p23, etc., and the mature forms as m16, etc. This terminology, based on the functions of the RNA species, avoids assignment of approximate sedimentation values which are essentially irrelevant in the electrophoretic methodology.) 1097 
Abstract. The kinetics of accumulation of the known stable RNA species (23S, 16S, and 5S rRNA and tRNA) in Escherichia coli C122 were monitored by polyacrylamide gel electrophoresis of purified cellular RNA, following termination of brief pulse labeling with 32P-orthophosphate. Isotopically labeled stable RNA species appear only after a time lag, while total cellular RNA and the ostensible precursors to the stable RNA classes accumulate from the earliest times examined. It is concluded that all the known stable RNA species in E. coli are the products of posttranscriptional modification.
The processes involved in the generation and metabolism of ribonucleic acids in all cells are fundamental to our understanding of biological information transfer. In recent years, considerable attention has been directed toward the physical, chemical, and biological properties of the major stable ribonucleic acid (RNA) species which accumulate in all organisms. The recognized stable RNA molecules in Escherichia coli include the 23S, 16S,1 and 5S2 ribosomal RNA (rRNA), and transfer RNA (tRNA) ' -all integral components of the translation machinery.
It is increasingly apparent that the processes involved in the generation of these stable classes of RNA are quite complex. All undergo extensive modification subsequent to their transcription from the DNA genome. For example, 16S and 23S rRNA and tRNA undergo extensive methylation as well as a variety of other chemical alterations. 4 In addition to these chemical modifications, it appears that the ribosomal RNA species are merely fragments of primary transcription products. The ostensible precursor forms of 16S and 23S RNA in bacteria5 and their equivalents in mammalian tissue6 have been identified by a variety of experiments employing druginduced accumulation, amino acid starvation, and short pulse labeling with isotopically labeled compounds.1 Furthermore, 5S rRNA from Bacillus subtilis has been shown to be a posttranscriptional product,7 probably generated by cleavage from one end of the precursor 23S (p23) in its conversion to mature 23S RNA (m23).8 9 (We have adopted the nomenclature of C. Woese and his colleagues7 9 in designating the precursor forms of the RNA classes as p16, p23, etc., and the mature forms as m16, etc. This terminology, based on the functions of the RNA species, avoids assignment of approximate sedimentation values which are essentially irrelevant in the electrophoretic methodology.)
Here we offer evidence that all stable RNA species in E. coli, including 5S and tRNA, are generated by posttranscriptional modifications. The kinetic accumulation of stable RNA classes and turnover of unstable precursor forms were quantitatively monitored by polyacrylamide gel electrophoresis. The use of drugs or amino acid deprivation to manipulate net RNA synthesis was avoided.
Materials and Methods. (a) Organism and reagents: Escherichia coli C122 (furnished by Dr. Masaki Hayashi) was grown in medium LEV, composed of 1.5 X 10-2 M (NH4)2S04, 2 X 10-6 M FeS04 7H20, 10-3 M KCl, 5 X 10-2 M Tris HCl, pH 7.5, 10-4 M NaH2PO4-H20, 8 X 10-4 M MgSO4, 0.5% sodium succinate, 0.2% Difco vitamin-free casamino acids. 3H-uridine-5-T (23 Ci/mmole) and 32P-orthophosphate (carrier free) were purchased from International Chemical and Nuclear Corp.
(b) Pulse labeling of RNA species: For labeling the ribosomal RNA precursors, a 20-ml culture of E. coli C122 containing 0.5 mCi of 8H-uridine was grown at 370 to an OD640nm of 0.35. The entire culture was poured into a second flask containing 15 mCi of vacuum-dried 32PO4. After 2 min at 370, synthesis was halted by addition of crushed ice and sodium phosphate buffer, pH 7.5, to a final concentration of 0.05 M. The cells were sedimented quickly and resuspended in 2 ml of cold medium LEV containing 0.05 M phosphate. After removal of a zero-time aliquot, the suspension was diluted into fresh medium LEV containing 0.05 M phosphate at 37°. Appropriate aliquots were withdrawn at intervals and immediately placed into tubes containing crushed ice and 1/100 vol of 1 M KCN. After sampling for measurement of 02PO4 incorporation into trichloroacetic acid-precipitable material, cells were sedimented, resuspended in 10-2 M Tris, pH 7.4, 10-' M MgCl2, containing 500 ,ug/ml of lysozyme and 10 ,ug/ml of DNAase, and frozen and thawed twice in a dry ice bath. RNA was purified by extraction with phenol as described previously.'0 Pulse labeling of the low molecular weight species was identical to that described above except that the culture was grown at 26°to slow the metabolic processes, and the 20-ml culture was labeled with 30 mCi'2P04 for only 1 min.
(c) Polyacrylamide gel electrophoresis: Polyacrylamide gel electrophoresis was performed as described previously,"' except for the introduction of composite gels, to allow complete recovery of radioactivity applied to the gel column. Ribosomal RNA species were separated on gels composed of 2.8% acrylamide as the upper 7.5 cm of the gel column and 8% acrylamide in the lower 3 cm. Resolution of the high molecular weight species occurs in the 2.8% portion of the gel, and low molecular weight molecules are retained in the 8% gel. Relatively low molecular weight RNA classes (e.g., 5S rRNA and tRNA) were resolved on gel columns with an upper (0.5 cm) 2.8% portion and a lower (9 cm) 8% acrylamide layer. Ribosomal and other high molecular weight species are retained at the 8% gel interface, while small molecules penetrate and are resolved. After electrophoresis at 55 v and 10 mamp per gel, the polymer columns were frozen, sliced, dissolved in 30% H202, and counted in Kinard's scintillation fluid as detailed previously."
Results. (a) The synthesis of ribosomal RNA: The removal of a two-minute pulse of 32PO4 from E. coli does not immediately terminate incorporation of radioactivity into cellular nucleic acids. As shown in Figure 1 , 32PO4 incorporation into trichloroacetic acid precipitable material continues for approximately 15 minutes. As the intracellular pool of radioactive polynucleotide precursors is depleted, no further accumulation of 32PO4 occurs. Over-all growth of the E. coli culture, as monitored by optical density (inset in Fig. 1 ), is affected neither by the addition of the highly radioactive pulse nor by the chilling and centrifugation process employed to remove cells from the 32P04-containing medium.
The continued incorporation of 32P04 as the labeled pool is depleted proved convenient in distinguishing primary transcription products from RNA species MINUTES Suitable aliquots were withdrawn at intervals and placed into crushed ice containing KCN to 0.01 Al. Samples of 0.04 ml were removed from the aliquots, precipitated with 5% trichloroacetic acid filtered through cellulose nitrate membranes, and monitored for 3H and 32P radioactivity by liquid scintillation counting. generated by posttranscriptional modification. The immediate products of transcription should appear during the pulse period and continue to accumulate after removal of radioactivity. In contrast, products of posttranscriptional modification would appear only after a lag period corresponding to the time required for the conversion. As the soluble, 32P-containing pool is exhausted, transient precursor RNA species should disappear while stable molecules are conserved.
To verify this supposition, the kinetics of accumulation of the high molecular weight ribosomal RNA classes and their precursor forms were monitored in the experiment depicted in Figure 1 . Total RNA was purified from aliquots of the culture subsequent to its removal from the '2PO4-containing medium, and the high molecular weight forms were resolved by electrophoresis through 2.8-8 per cent composite polyacrylamide gels as detailed in Materials and Methods. The relevant regions of representative gel profiles are illustrated in Figure 2 . The chased 'H isotopic label defines the stable RNA species, while 32p cpm represents incorporation subsequent to addition of the pulse.
One minute after the removal of the 32p pulse ( Fig. 2A) , the major 32P-containing, high molecular weight RNA classes are the following: one of 23S size (m23 RNA); a slightly larger, presumed precursor form of m23 (p23); and a third component, of somewhat greater molecular weight than 16S rRNA, the apparent precursor to m16. The resolution of p23 from m23 is not sufficient to permit quantitative evaluation; p16 and m16 are quite distinct. Changes in the 32p_ containing RNA population with time are readily apparent from Figure 2 . The kinetic relationship between p16 and m16 was evaluated by summing 32p radioactivity in the respective gel regions and normalizing the summations to some unit recovery based on the net incorporation of 32PO4 seen in Figure 1 . The kinetics of accumulation of both pi6 and mi6 are presented in Figure 3 . eiquots from the pulse-labeled culture described in Fig. 1 (b) Synthesis of 5S and transfer RNA: The kinetics of synthesis of the small molecular weight RNA species, 5S rRNA and tRNA, were monitored in essentially the same manner as above, except that the growth temperature was reduced to 260 to slow the transcription and modification processes (the growth rate of the culture was reduced to approximately one-half that observed at 370), and the length of the 32p pulse was decreased to one minute. As before, aliquots of the culture were removed at time intervals subsequent to removal of 32PO4. Total RNA was purified by phenol extraction and the low molecular weight classes of RNA were resolved by electrophoresis through 2.8 to 8 per cent composite polyacrylamide gels as detailed in Materials and Methods. The relevant gel regions of representative profiles are presented in Figure 4 .
The chased, 3H-uridine-labeled RNA marks the stable RNA species, 5S rRNA and tRNA. At 30 seconds after removal of 32PO4 (Fig. 4A) , the majority of 32P-labeled material is somewhat more slowly migrating than tRNA, and some 32p resides in species of smaller size than tRNA. Neither 5S rRNA nor tRNA contains a discrete peak of 32p radioactivity. By seven minutes (Fig. 4B) 32p_ RNA has appeared in both the 5S and tRNA regions. Both continue to accumulate, and by 30 minutes the majority of the 32p is found in only the 5S and tRNA regions of the polyacrylamide gel.
As before, 32p radioactivity in the respective gel regions was summed and 4 .-Polyacrylamide gel electrophoresis of pulse-labeled, low molecular weight RNA. A 20-ml culture of E. coli C122 identical to that described in the legend to Fig. 1 was grown at 260 to an GD 540nm of 0.4, and pulse labeled for 1 min with 30 mCi of 32P04. Cells were removed from the a 2P04-containing medium by sedimentation, resuspended in nonradioactive medium, and incubated at 260. Aliquots were removed at intervals and examined for total 32P04 incorporation. Bulk RNA was purified from the aliquots by phenol extraction and resolved by electrophoresis through 2.8 to 8% composite polyacrylamide gels as defined in Materials and Methods and the legend to Fig. 2 Figure 5 .
Transfer RNA comprises approximately 11 per cent of total cellular RNA. If tRNA were generated as the initial product of transcription, its accumulation after removal of the 12P pulse would quantitatively parallel, or represent an appreciable fraction of, total 32P04 X 10-1, as indicated in Figure 5 . RNA is p23 rRNA, and that 5S is generated precipitable material is shown. during the conversion of p23 to m23.8, 9 However, there may occur some further cleavage of 5S subsequent to its removal from p23 RNA. In Figure 4B it should be noted that the early 5S RNA is not coincident with the extensively labeled 3H-RNA, but migrates more slowly. This slight asymmetry, apparent in the gel profiles at all the early times, may represent an intermediate stage in the process of generating the stable 5S rRNA. The production of 5S rRNA would then involve at least two cleavage steps. An excellent candidate for the precursor to tRNA might be the transient, pulse labeled material migrating slightly more slowly than tRNA at early times. However, we may categorically state that this material is not the precursor to mature tRNA. After extensive purification, the substance is completely resistant to digestion by RNase, DNase, pronase, or alkali. It is susceptible to mild acid hydrolysis. During pulse-labeling experiments with 3H-uridine, some radioactivity is found in the corresponding gel region, but in quantities insufficient to account for the generation of the total tRNA population. The processes involved in generation of stable ribosomal RNA in bacteria seem, in general, similar to those operating in mammalian tissue.6 In both cases the transition from the precursor to the mature form is a cleavage process, and the lower molecular weight structure is the one conserved. The apparent precursors to the stable rRNA molecules are identified merely as size classes. Although these precursor size classes accumulate as expected for primary transcription products, they may actually be extensively modified. For example, nucleoside methvlation or removal of 5-terminal phosphates would not appreciably affect the electrophoretic mobility of a high molecular weight RNA molecule. Also, chemical modification of nascent RNA molecules might occur during the transcription process.
Finally, it must be emphasized that the evidence for any precursor-product relationships identified here is quite circumstantial, based upon quantitative kinetic evaluations. These kinetic data merely furnish proof that all of the known stable RNA species of E. coli are the products of posttranscriptional modifications.
Note added in proof (February 18, 1970) : Subsequent to submission of this paper, Adesnik, M., and C. Levinthal, J. Mol. Biol., 46, 281 (1969) compared incorporation of radioactive bases into total RNA and the ribosomal RNA species. In the case of 5S rRNA, these workers found log-log slopes of incorporation into total RNA and 5S rRNA to be 1.3 and 1.6, respectively. They concluded that 5S rRNA is not the product of some posttranscriptional modification. We have performed experiments equivalent to those of Adesnik and Levinthal with quantitatively different results: Total RNA was observed to accumulate with a log-log slope of 1.3, while 5S rRNA and tRNA appeared with slopes of 2.1 and 2.2, respectively. These values for the kinetic order of accumulation of 5S and tRNA imply that both are the products of posttranscriptional events.
